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Abstract
NiFe2-xDyxO4 (x = 0, 0.1) compounds were prepared by solid state reaction.  Room temperature X-ray 
diffraction confirmed the formation of the compounds in cubic inverse spinel phase with the space 
group .3mFd  Increments in the lattice constant were observed upon partial substitution of Fe3+ by 
Dy3+.  While both magnetization and cubic magnetocrystalline anisotropy (K1) decreased with 
increasing temperature, with Dy3+ substitution, at any given temperature the magnetization decreased 
and K1 increased.  A quantitative observation of direct magnetoelectric (DME) effect and qualitative 
observation of converse magnetoelectric (CME) effect in NiFe1.9Dy0.1O4 compound, describe its 
multiferroic nature. 
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1 Introduction 
Multiferroic materials [1] have been attracting the attention of researchers and technologists alike, 
due to the interesting interplay between the various physical properties as well as their applicability in 
transducers, sensors, actuators, filters, non-volatile memories etc., [2] [3] [4].  The unique feature of 
multiferroic materials is the magnetoelectric (ME) effect, a coupling between magnetic and 
ferroelectric orders, which is of great importance for memory, logic devices and has potential 
applications for next generation devices [1] [5].  Direct magnetoelectric (DME) effect and converse 
magnetoelectric (CME) effects are two types of classifications in ME effect [6].  
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Nickel ferrite (NFO) possesses high permeability, low coercivity, reasonable magnetostriction and 
high resistance that render it useful in high frequency applications [7] [8].  It is known that in NFO, 
the tetrahedral (A) sites are occupied by Fe3+ ions and the octahedral (B) sites are occupied by Ni2+
and Fe3+ ions in equal proportions [7].  Partial substitution of Fe3+ by rare-earth (R3+) ion in the B-site 
has been reported to lead to structural distortion [9] that induces strains and significantly modifies the 
electrical and dielectric properties [10] [11]. 
Dinesh et.al have reported that (65PIN – 35PT)-NFO laminate composite shows self-biased DME 
coefficient of 8 V/cm-Oe and a CME coefficient of 5 mG-cm/V [12].  Many single phase ferrites with 
perovskite structure could also exhibit magnetoelectric effect [5] [13] [14] [15] [16].  Shuiyuan Chena 
et.al have investigated multiferroic properties of Bi1−xCaxFeO3 and reported a converse 
magnetoelectric coefficient of 6.48 10-11 s/m [15].  Dascalu et.al have reported decreased 
magnetization and magnetostriction when Fe is partially substituted by rare earth in CoFe2O4 [17] 
From our lab, Kamala Bharati et.al [18] have observed ferroelectricity and magnetocapacitance in Gd 
and Nd substituted Nickel ferrite and have also reported increased magnetocapacitance and magnetic 
field dependent ferroelectric loop in NiFe1.925Dy0.075O4 [10].  In NiFe1.925Sm0.075O4 thin films coated on 
PZT, linear magnetoelectric coefficient of 407 mV/cm-Oe at 500 Oe has been reported [19].  In this 
paper, anisotropy, DME and CME in NiFe1.9Dy0.1O4 are reported.  
2 Experimental Details 
Polycrystalline compounds NiFe2-xDyxO4 (x = 0, 0.1) were prepared, starting from NiO (99.96% 
pure) Fe2O3 and Dy2O3 (99.99% pure), by the solid state reaction method.  Powders of the starting 
materials were ground in an agate mortar and pestle for three hours and the mixtures were kept in a 
resistive heating furnace and heat treated in air at 1240 0C for 12 h.  The formation of the samples in 
inverse spinel phase was confirmed by powder X-ray diffraction (XRD) technique using a 
PANalytical (X’pert PRO) x-ray diffractometer employing Cu KĮ radiation.  Magnetization 
measurements were carried out using a Quantum design MPMS 3 SQUID based VSM.  
Magnetostriction measurements were carried out, employing a commercial strain gauge (of resistance 
120 ȍ) with a gauge factor of 2 ± 0.03 and using a Model 3800 Wide Range Strain Indicator.  The 
instrument was calibrated with a standard 120 ȍ resistor before measurements.  For the dielectric, 
magnetic, magnetoelectric and converse magnetoelectric measurements, the powders were made into 
pellets which were then sintered at 1240 0C in air for 12 h.
3 Results and discussion 
Figure 1 shows the XRD patterns of NiFe2-xDyxO4 (x = 0, 0.1) respectively along with the 
calculated parameters after Rietveld refinement.  The weighted refined parameter (Ȧrp), Ȥ2, lattice 
constant (a), bond angles and bond length values of the fitting are given in Table 1.  Both the 
compounds were found to crystallize in the cubic inverse spinel phase with a small amount of DyFeO3
phase in the latter.  In NiFe1.9Dy0.1O4, the weight fractions of the inverse spinel phase and DyFeO3 are 
0.964 and 0.036 respectively.  The lattice constant of NiFe2O4 was found to be 8.3415 Å which is in 
good agreement with the reported value (8.34 Å [7]).  An increment in the lattice constant value from 
8.3415 Å to 8.3460 Å was observed in the case of NiFe1:9Dy0.1O4, attributed to substitution of Fe
3+ ion 
by the larger Dy3+ ion in the octahedral (B) site.  From Table 1, it is clear that, the changes in the B-
site bond angles, Fe3+ - O2- - Fe3+/Dy3+ and the B-site bond lengths O2- - Fe3+/Dy3+ in NiFe1:9Dy0.1O4
(compared to the values in NiFe2O4) cause a small distortion in the lattice. 
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The dielectric measurements were 
carried out on the NiFe1.9Dy0.1O4 pellet 
and the results are shown in Figure 2.  
The permittivity is seen to decrease with 
frequency as in the nickel ferrite [10].  At 
high frequencies, the sample is seen to 
exhibit very low permittivity values, 
which can be explained on the basis of 
the Maxwell–Wagner theory of 
interfacial polarization and the Koops 
phenomenological model [20].  It can be 
seen that the value of ε' increases rapidly 
with increase in temperature at low 
frequencies, which can be attributed to 
the temperature dependent interfacial and 
dipolar polarizations. 
The resistivity measurement indicates that the ac resistivity of the NiFe1.9Dy0.1O4 sample decreases 
with increase in frequency (Figure 3), which can be explained by the Verwey-de Boer hopping 
mechanism of charge carriers [20].  As the frequency of applied electric field increases, the frequency 
of electron hopping between  Fe2+ and Fe3+  ions in the octahedral sites also increases which in turn 
decreases the resistivity of the material. Also, the resistivity was found to decrease with temperature 
due to the presence of thermally activated charge carriers. 
Parameter NiFe2O4 NiFe1.9Dy0.1O4
Lattice constant (Å)  8.3415 8.3460 
Ȥ2 1 1.714 
Ȧrp 1.67 1.98 
Bond length (Å) 
O2- - Fe3+ (B) 2.031 2.067 
O2- - Fe3+ (A) 1.902 1.840 
Bond angle (Degrees) 
Fe3+ (A) - O2- - Fe3+/Dy3+ (B) 123.0 124.5 
Ni2+ - O2- - Ni2+ 93.0 91.0 
O2- - Fe3+ (A) - O2- 109.4 109.4 
O2- - Fe3+ (B) - O2- 86.9 91.0 
Table 1: Structural parameter of NiFe2-xDyxO4 (x = 0, 0.1)
Magnetization was measured at 20 K and 50 K to 300 K in steps of 50 K, using a VSM employing 
a SQUID based detector.  Figure 4 shows the magnetization curves of NiFe2-xDyxO4 (x = 0, 0.1).  
Partial substitution of Fe3+ by Dy3+ is seen to cause the Ms at 20 K, to decreases from 56.39 emu/g to 
52 emu/g.  The magnetization data at fields above 9 kOe were fit to the Law of Approach to Saturation 
(LAS) for cubic anisotropy systems, approximated by [7] [21] 
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where K1 is the first order cubic magnetocrystalline anisotropy constant.  The numerical coefficient 
8/105 has been obtained for a polycrystalline material.  The last term țH represents forced 
magnetization due to the increase of saturation magnetization in high fields and ț represents 
paramagnetic susceptibility which was neglected in the present case as there are no paramagnetic 
impurities. 
Figure 1: Rietveld refined XRD patterns of NiFe2-xDyxO4
(x = 0, 0.1)
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Inset of Figure 5 shows the values of K1 and Ms of NiFe1:9Dy0.1O4.  The value of K1 of 
NiFe1:9Dy0.1O4 at 20 K is 92 kJ/m
3, more than that of NiFe2O4 (42 kJ/m
3).  The anisotropy is thus seen 
to increase with Dy substitution.  The observed increase in K1 is attributed to the large negative 
anisotropy value of Dy [7].  Magnetostriction data on NiFe2-xDyxO4 (x = 0, 0.1) at room temperature is 
shown in Figure 5.  The measurements were performed by the strain gauge (of resistance 120 ȍ) 
method.  The saturation magnetostriction (ȜS) values are found to be -32 x10-6 and -35 x 10-6
respectively.  The value of ȜS for NiFe2O4 is in good agreement with the reported value [10] [20].  For 
NiFe1:9Dy0.1O4 the slope of the magnetostriction curve at low field is found to be larger compared to 
that of NiFe2O4, which can be attributed to the increase in the anisotropy with the substitution of Dy
3+. 
The DME coefficient of NiFe1:9Dy0.1O4 was 
measured at room temperature using a commercial 
set up manufactured by Marine India.  The voltage 
developed across the thickness of the pellet was 
measured, by the application of a static magnetic 
bias field up to 1.5 kOe.  Lock-in method was 
employed for which, an alternating magnetic field 
(10 Oe at 850 Hz) was applied using a Helmholtz 
coil arrangement.  A circular pellet, which were 
electrically poled along its axis in an electric field of 
0.4 kV/cm for 24 hrs and then magnetically poled 
perpendicular to its axis by a field of strength of 0.8 
T for 2 hrs, were used for determining the DME 
coefficient.  The induced voltage (V) was measured 
along the axis of the pellet.  The ME coefficient was 
calculated as ĮME = V / (t • Hac) where t is the 
thickness of the pellet.  Figure 6 shows the plot of 
ĮME vs magnetic field.  The value of ĮME increases 
with the DC magnetic field, attains a maximum 
value of 32.7 mV/cm-Oe at 473 Oe and then 
decreases with further increase of the field.  Kamala 
Bharati et.al have reported increased magneto-
capacitance and magnetic field dependent 
Figure 2 Plot of permittivity vs temperature of 
NiFe1.9Dy0.1O4 for different frequencies
Figure 3: Plot of resistivity vs temperature of 
NiFe1.9Dy0.1O4 for different frequencies
Figure 4: Magnetization curves of NiFe2-xDyxO4
(x = 0, 0.1) at different temperatures 
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ferroelectric loop in NiFe1.925Dy0.075O4 [10].  The observed ĮME is due to the breakdown of 
centrosymmetry of the octahedral site, which leads to ferroelectricity and hence multiferroic properties 
in the investigated compounds [1] [5]. 
The electrically poled 
pellet was used for CME 
studies.  CME was 
observed by measuring 
the change in 
magnetoimpedance (MI) 
of a soft ferromagnetic 
ribbon upon the 
application of an external 
magnetic field.  The soft 
magnetic ribbon was 
placed at a distance of 1 
mm over the circular 
pellet in such a way that 
the axis of the ribbon 
coincided with the 
diameter (10 mm) of the 
pellet.  The soft magnetic 
ribbon was connected to a 
HP4192A impedance 
analyzer and the 
impedance of the ribbon 
was measured both with and without the 
presence of the pellet in its vicinity, in the 
frequency range 0.5 MHz - 13 MHz.  The 
percentage change in the impedance of the 
ribbon was calculated and compared with the 
MI data of the same ribbon in the above 
mentioned frequency range, which was 
measured earlier under an applied magnetic 
field ranging from -100 Oe to +100 Oe.  The 
impedance of the soft magnetic ribbon was 
measured by changing the frequency from 0.5 
MHz to 13 MHz. The frequency at which the 
magnetoimpedance of the ribbon was the 
largest (28%) was 5 MHz.  The magnetic field 
developed due to poled NiFe1:9Dy0.1O4 was 
determined as 0.535 Oe (42.8 A/m).  This is an 
interesting observation in a single compound 
and may pave way for CME based transducers. 
Figure 5: Room temperature magnetostriction of NiFe2-xDyxO4 (x = 0, 0.1).  
Inset: Temperature dependence of Ms and K1 of NiFe2-xDyxO4 (x = 0, 0.1) 
Figure 6:  Plot of ĮME vs magnetic field at room 
temperature NiFe1.9Dy0.1O4
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4 Conclusions 
NiFe2-xDyxO4 (x = 0, 0.1) compounds crystallize in the cubic inverse spinel phase and an increase 
in lattice constant with Dy3+ content as confirmed by XRD patterns.  Partial substitution of Fe3+ ions 
by Dy3+ ions, leads to a decrease in the magnetization and increase in K1.  Temperature dependent M-
H data reveals that for both the compounds, the saturation magnetization and K1 values decreased with 
increasing temperature.  Linear DME coefficient of 32.7mV/cm-Oe and also a conspicuous and 
qualitative CME were observed in the NiFe1:9Dy0.1O4 compound.  
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